The essential oil obtained from Citrus wilsonii Tanaka stem barks with hydrodistillation was investigated by GC-FID and GC-MS. The main components of the essential oil were identified to be nerol acetate (44.5%), nerol (13.6%), citronellyl propionate (13.5%) and α-terpineol (3.6%). Among them, the four active constituents, predicted with a bioactivity-test, were isolated and identified as nerolacetate, nerol, citronellyl propionate and α-terpineol. It was found that the essential oil of C. wilsonii stem barks possessed strong repellency (86% and 92%, respectively, at 78.6 nL/cm 2 , after 2 and 4 h treatment) against Tribolium castaneum adults. Repellency of the four active compounds was also determined. Nerolacetate, nerol, citronellyl propionate and α-terpineol were strongly repellent (100%, 100%, 90% and 96%, respectively, at 15.7 nL/cm 2 , after 2h treatment) against T. castaneum. Nerol exhibited the same level of repellency as the positive control, DEET. The results indicate that the essential oil of C. wilsonii stem barks and its active compounds have the potential to be developed as natural repellents for control of T. castaneum.
One of most crucial steps in grain production is storage, primarily due to the possibility of pest infestation. This problem definitively impacts the worldwide economy [1] . The red flour beetle, Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) is one of the most widespread and destructive primary insect pests of stored cereals [2] . Control of stored product insects relies heavily on the uses of synthetic insecticides (organo-phosphates and pyrethroids) and fumigants (phosphine and methyl bromide). However, their frequent and repeated use has resulted in resistance, adverse effects on the ecosystem, and toxic effects on humans and other organisms [3] . Botanical pesticides have the advantage of providing novel modes of action against insects. This can reduce the risk of crossresistance, as well as offer new leads for the design of targetspecific molecules [4] [5] . In this context, many plant products have been evaluated for their toxic properties against different stored grain pests, especially in the form of essential oils [6] [7] [8] [9] [10] . Essential oils, complex mixtures of volatile compounds isolated from a large number of plants, have been found to have these properties against various haematophagous arthropods, some of them being the basis of commercial repellent formulations [11] . Although from an economical point of view synthetic chemicals are still more frequently used as repellents than essential oils, these natural products have the potential to provide efficient, and safer repellents for humans and the environment. During our screening program for new agrochemicals from local wild plants and Chinese medicinal herbs, the essential oil from Citrus wilsonii Tanaka stem barks has been found to possess repellent activity towards T. castaneum. C. wilsonii, a member of the family Rutaceae, is a good frostresistant stock for citrus plants [12] . Commonly known as "xiangyuan", C. wilsonii is the main origin plant of Fructus Citri. This is a common Chinese herb with a long history in traditional Chinese medicine that is used to relieve the stagnation of liver-QI and stomach-QI, gas pains of the chest and hypochondrium, swelling of the abdomen, vomiting, and cough as a result of excessive phlegm [13] . A literature survey has shown that there is no report on the repellent activity of C. wilsonii stem bark essential oil against T. castaneum, and thus we decided to investigate the chemical constituents and repellency of this essential oil against T. castaneum and to isolate any biologically active compounds from it.
The yield of essential oil was 0.05% (v/w) and its density 0.90 g/mL. GC-MS analysis led to the identification and quantification of 12 major components, accounting for 91.5% of the total components present ( Table 1 ). The main constituents were nerol acetate (44.5%), nerol (13.6%), citronellyl propionate (13.5%) and α-terpineol (3.6%). There are no previous reports on the chemical constituents of the essential oil of C. wilsonii stem barks, but there are a few accounts on the extraction of the essential oil from other parts of C. wilsonii [12, 14] . For example, the main constituents of the leaves collected from Jiangsu Province were citronellol (16.9%), nerol acetate (10.3%), γ-terpinene (9.8%), citronellal (9.4%) and βpinene (6.7%) [15] . The essential oil of the peel contained limonene (50.5%), p-cymene (16.4%), γ-terpinene (8.7%), β-ocimene (5.0%), β-pinene (3.3%), α-pinene (2.7%) and β-myrcene (2.3%) [16] .
With further isolation, four pure compounds were obtained and they were analysed by 1 H and 13 C NMR. Combining all the NMR spectra data, the four isolated compounds were identified as nerol acetate (0.53 g) [17] , nerol (0.23 g) [17] , citronellyl propionate (0.15 g) [18] and α-terpineol (0.11 g) [17] . The results pertaining to the repellent activity of the essential oil and the four isolated compounds against T. castaneum adults are presented in Figure 1 . At a dose of 78.6 nL/cm 2 , the bark oil showed 86% and 92% repellency against T. castaneum adults at 2 and 4 h after exposure, respectively. The activity decreased dramatically at a dose of 3.15 nL/cm 2 (PR: 20 ± 6% and 2 ± 5%). The data showed that at the tested concentrations, the four isolated compounds were strongly repellent against T. castaneum adults.
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Among the four constituents of the essential oil, nerol produced the strongest repellency (100%, 100% and 100%, respectively, at doses of 78.6, 15.7 and 3.1 nL/cm 2 , after 2 h treatment). At the lowest assayed concentration (0.13 nL/cm 2 ), nerol showed better repellent properties (PR: 56 ± 7% and 34 ± 7%) than those observed for neryl acetate (PR: 52 ± 13% and 24 ± 10%), citronellyl propionate (PR: 52 ± 8% and 8 ± 8%) and α-terpineol (PR: -44 ± 8% and -48 ± 8%).
Interestingly, more adults were found on areas treated by αterpineol at doses of 0.63 and 0.13 nL/cm 2 treatment than on the control, indicating that this compound may attract T. castaneum adults at low concentration. In previous research, similar phenomena were also observed. At the lowest assayed concentrations (0.00002 and 0.0002 μL/cm 2 ), the oil isolated from T. lucida showed some insect attractant properties (-60 ± 3% and -6 ± 15%, 2 h after exposure; and -62 ± 4% and -11 ± 17%, 4 h after exposure) [19] . p-Cymene also showed attractant activity at the lower concentrations (-6 ± 12% and -10 ± 11%, 2 h after exposure; and -5 ± 21% and -8 ± 13%, 4 h after exposure) [19] . Linalool and p-cymene produced 83% and 85% repellency against T. castaneum at 0.03 mg/cm 2 , respectively, but showed attractant activity after 0.001 mg/cm 2 treatment [20] . However, to clarify the attractant activity of the oil/pure constituents against T. castaneum, future studies should be made.
Some constituents of the essential oil of C. wilsonii stem barks have been evaluated for repellency against insects. For example, the average repellency values (at doses of 0.05, 0.10, 0.20 and 0.40 mL/cm 2 , after 2 h treatment) for cymol on Tribolium confusum and Sitophilus zeamais were 32 ± 8% and 55 ± 11%, respectively [21] . (+)-Limonene showed 36% (at a dose of 26 nL/cm 2 , after 2 h treatment) and 20% (at a dose of 16 nL/cm 2 , after 2 h treatment) repellency against Liposcelis bostrychophila and T. castaneum adults, respectively [22] . Chen et al. reported that γ-terpinene produced less repellency (42% and 26%, respectively, at 78.6 nL/cm 2 , after 2 and 4 h treatment) against T. castaneum adults [15] .
However, in this paper, we report the repellency of the essential oil of C. wilsonii stem barks for the first time. Nerol exhibited the same level of repellency against T. castaneum adults as DEET, the positive control.
As far as we know, this is the first report regarding the chemical constituents and repellent action of the essential oil of C. wilsonii stem barks. These results suggest that the essential oil and four compounds isolated from it, especially nerol, have noticeable properties to be considered as good candidates for active components in formulations of insect repellents. However, for the practical application of the essential oil and the four compounds as novel repellents, further studies on their safety towards humans and on the development of formulations are necessary to improve the efficacy and stability, as well as to reduce the cost.
Experimental
Insect: T. castaneum was obtained from laboratory cultures maintained for the last 2 years in the dark in incubators at 29 ± 1 °C and 70-80% relative humidity. The insects were reared in glass containers (0.5 L) containing wheat flour with 12-13% moisture content mixed with yeast (wheatfeed/yeast, 10:1, w/w). Adults used in all the experiments were about 7 ± 2 days old.
Plant material and essential oil extraction:
Stem bark (7.0 kg) of C. wilsonii was collected in May 2013 from Suzhou City (31.97 N and 120.49 E), Jiangsu Province, China. The stem bark was air-dried for 1 week and ground to powder. The species was identified from the voucher specimen (BNU-CMH-Dushuahan-2013-05-25-008) deposited at the Herbarium (BNU) of the College of Resources Science and Technology, Beijing Normal University. The ground stem bark powder was subjected to hydrodistillation using a modified Clevenger-type apparatus for 6 h and extracted with n-hexane. Anhydrous sodium sulfate was used to remove water after extraction. The essential oil was stored in an airtight container in a refrigerator at 4°C.
Gas chromatography-mass spectrometry:
GC-MS analysis was performed on a Thermo Finnigan Trace DSQ instrument equipped with a flame ionization detector and an HP-5MS (30 m × 0.25 mm × 0.25 μm) capillary column. The column temperature was programmed at 50 °C for 2 min, then increased at 2 °C min -1 to 150 °C, held for 2 min, and then increased at 10 °C min -1 until the final temperature of 250 °C was reached, where it was held for 5 min. The injector temperature was maintained at 250 °C and the volume injected was 0.1 mL of a 1% solution (diluted in n-hexane). The carrier gas was helium at a flow rate of 1.0 mL min -1 . Spectra were scanned from 50 to 550 m/z. Most constituents were identified by comparing their retention indices to those reported in the literature. The retention indices were determined in relation to a homologous series of n-alkanes (C 10 -C 36 ) under the same operating conditions. GC retention times and mass spectra stored in NIST 05 and Wiley 275 libraries or from literature were used for identifying the essential oil components [23] .
Isolation and characterization of four constituent compounds:
The crude essential oil (3 mL) was chromatographed on a silica gel (Qingdao Marine Chemical Plant, Shandong Province, China) column (30 mm i.d., 500 mm length) by gradient elution with n-hexane first, then with n-hexane-ethyl acetate, and last with ethyl acetate to obtain 24 fractions. Based on contact toxicity, fractions 2, 7-8 and 14-19 were chosen for further fractionation. With PTLC, 4 purified compounds were obtained. The isolated compounds were elucidated from NMR spectra. NMR experiments were performed on a Bruker Avance DRX 500 instrument using CDCl 3 as solvent with TMS as internal standard.
Repellent test:
The repellent activity of the essential oil/pure compounds to T. castaneum adults was tested using the area preference method [22] . The essential oil/compounds was diluted in n-hexane to different concentration levels (78.6, 15.7, 3.15, 0.63 and 0.13 nL/cm 2 ), and n-hexane was used as the control. Filter paper (9 cm in diameter) was cut in half. Five hundred μL of treatment solution was placed on one half of the filter paper and dried for 30s. The other half was treated with 500 μL of n-hexane. The treated side was then joined to the control side by tape and placed in a glass Petri dishe (9 cm in diameter). Twenty insects (5 replicates/dose) were released in the center of each filter paper disk, and a cover was placed over the Petri dish. Counts of the insects present on each strip were made after 2 and 4 h. The percent repellency (PR) of each volatile oil/compound was then calculated using the formula: PR (%) = [(N c -N t ) / (N c +N t )] × 100 (1) Where N c is the number of insects present in the negative control half and N t is the number present in the treated half. Analysis of variance (One-Way ANOVA and GLM Univariate) and Tukey's test were conducted by using SPSS 20.0 for Windows 2007. Percentage mortality data were subjected to arcsine square-root transformation before analysis of variance. A commercial repellent, DEET (N, N-diethyl-3-methylbenzamide), was purchased from the National Center of Pesticide Standards (8 Shenliao West Road, Tiexi District, Shenyang 110021, China) and used as a positive control.
